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ABSTRACT 
 
Metallic glasses (MGs) usually have high strength, high hardness and high elastic 
strain limit.  However, the deformation mode and mechanism in metallic glasses are 
radically different from those in conventional crystalline materials with a long-range 
ordered structure.  For crystalline materials, the intrinsic relationship between their 
mechanical properties and crystal structures has been well described by dislocation 
theory.  In contrast, for amorphous materials, theories on the structures and controlling 
factors of localized shear-band formation are far from being complete. 
In this thesis, shear-banding behavior of MGs under nanoindentation was first 
reviewed.  The hardness of MGs was found to be independent on the shape of indenter tip.  
The hardness drop during each pop-in was a constant for a given indenter tip.  A 
nanoindentation-based method for measuring the shear resistance of MGs was further 
developed.   
The hardness of MGs was largely affected by residual stresses, especially the 
tensile residual stress.  Significant softening could be caused by tensile residual stress and 
the softening was attributed to the creation of extra free volume.  The hardness of MGs 
was demonstrated to be extremely sensitive to the initial free volume in the material.  
Spherical indentation was also conducted on stressed MG sample to study the effect of 
residual stress on the first shear-band formation.  It was found the critical shear stress for 
the shear-band formation was essentially a constant.  The constant critical shear stress 
was correlated with a critical free volume in the material.  Spherical indentation was 
further carried out at elevated temperature but well below glass transition temperature to 
 vii
explore the temperature effect on shear-band nucleation.  Localized shear-banding was 
observed to be the dominant deformation mode at all temperatures.  The shear stress at 
first pop-in or the onset of yielding decreased with temperature, and the activation energy 
and the size of shear transformation zone (STZ) were measured.  Shear-band nucleus was 
estimated to be 10~20 nm and independent on temperature. 
Micro-compression tests were further performed on micro-sized pillar samples at 
different temperatures.  The strength-temperature relationship could be explained by the 
constant viscosity concept, suggesting shear-banding was a stress-induced glass 
transformation. 
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CHAPTER 1: INTRODUCTION 
 
Metallic glasses (MGs) have been extensively explored in recent years due to 
their many attractive properties 1, one of which is their impressive mechanical properties, 
such as high yield strength, high hardness, and large elastic limit 2,3, as shown in Fig. 1.1.  
There have been several recent reviews covering the science of glass forming, glass 
structure, and interesting properties of metallic glasses 1-4.  However, the application of 
MGs is usually limited by localized shear-banding and macroscopically brittle fracture at 
ambient temperature.  To promote the application of this new class of materials, the 
understanding of mechanical behavior and the underlined mechanism of MGs becomes 
one of the great interests to material scientists.  This chapter will provide a brief review 
on the progress in this field and also include the objective and outline of this thesis. 
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Figure 1.1 A schematic illustration of typical strengths and elastic strain limits for 
various materials. 
 
1.1 Mechanical behavior of metallic glasses 
1.1.1 Deformation map 
The deformation map of metallic glasses was first developed by Spaepen in 1977 
5 on the basis of his free volume theory.  There are two modes of deformation for MGs 
depending on the temperature, applied strain rate and glass condition (Fig. 1.2): (1) 
Inhomogeneous deformation, in which metallic glasses deform at relatively low 
temperature and high strain rate.  The plastic deformation is localized in discrete, thin 
shear bands, leaving the rest of the material plastically undeformed.  Upon yielding, 
metallic glasses often show plastic flow without work hardening, and tend to show work 
softening which leads to shear localization; (2) Homogeneous deformation, in which 
metallic glasses deform at relatively high temperature and low strain rate, and each 
 3
element of the glass is contributing to the deformation.  The inhomogeneous deformation 
is the main focus of this thesis. 
The deformation map was later revised by Argon 6,7.  Recently, Lu 8 and Schuh 9 
updated this map in terms of “bulk” metallic glass instead of amorphous ribbons, as 
shown in Fig. 1.3.  The main division on the map separates homogeneous deformation at 
high temperatures and low stresses/rates from inhomogeneous flow (shear localization) at 
lower temperatures and higher stresses/rates. 
Before describing the mechanical behaviors and interpreting the mechanical data 
of MGs, two terms need to be afore-defined: (1) shear-band, refers to the approximately 
planar volume of material that is sheared under a critical stress; (2) shear-banding, 
denotes the kinetic event of shear band initiation and propagation, which might be 
detected as a flow serration in the stress-strain curve. 
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Figure 1.2 A schematic deformation map for an amorphous metal illustrating the 
temperature and stress regions for homogeneous and inhomogeneous plastic flow 5. 
 
 
Figure 1.3 Deformation map for metallic glasses in strain rate-temperature axes 3. 
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1.1.2 Inhomogeneous deformation 
Without defects that lead to weakness in crystalline materials to promote 
plasticity, MGs lack macroscopic plasticity/ductility under uniaxial stress states in 
geometrically unconstrained specimens, and deform exclusively through localization 
processes caused by strain softening in the shear-band, followed by catastrophic failure..  
As shown in Fig. 1.4, Zr-based metallic glass samples fractured along one dominant 
shear-band, which was near the maximum shear stress plane, exhibiting plastic strain of 
less than 1% under compression and zero plasticity under tension 10,11. 
There have been many attempts to reduce the shear localization tendency and 
avoid the subsequent catastrophic failure of MGs.  A common way is to invoke a 
complex stress state in the glass structure.  For example, under wire drawing, the area 
reduction of Pd77.5Cu6Si16.5 amorphous wires can be as large as 50% 12; for confined 
compression (with an aspect ratio of ~1:2), a plastic strain of up to 80% has been reported 
in Zr52.5Cu17.9Ni14.6Al10Ti5 13; Conner et al. 14 have observed that although thick plates 
fractured on bending, metallic glassy thin ribbons and wires could be bent plastically.  
Although these observations might be of interest for deformation processing of metallic 
glasses, the geometries are not generally useful for load-bearing application.  A 
somewhat more general approach is to introduce a second phase into the glass matrix to 
produce bulk metallic glass matrix composites (BMGMCs) 15-26, which has been 
demonstrated to be effective in improving plasticity and even ductility.  The working 
mechanism of the second phases is argued to be through both promoting the initiation of 
a large number of shear-bands (distributing the macroscopic plastic strain over as large a 
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volume as possible) and inhibiting shear-band propagation (reducing the shear strain on 
any one band and thus delaying fracture). 
With the above effects on the study of macroscopically compressive/tensile 
plasticity, a comprehensive understanding of the mechanisms to promote extensive 
plastic deformation in metallic glasses is still limited.  Consequently, a close examination 
inside a shear-band or shear-banding event is necessary. 
 
1.2 Shear-banding behavior 
Localized shear-banding controls the plasticity and thus determines the strength of 
metallic glasses in the inhomogeneous deformation region 3.  It is believed the evolution 
of shear-band involves at least two steps: shear-band nucleation and propagation.   
 
 
Figure 1.4 (a) Compressive stress-strain curves of Zr59Cu20Al10Ni8Ti3 MG samples and 
(b) corresponding fracture features observed by SEM; (c) tensile stress-strain curves of 
samples with the same composition and (d) corresponding fracture features 11. 
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1.2.1 Shear-band propagation 
The typical serrated stress-strain curve as well as the displacement burst as a 
function of time in a Zr40Ti14Ni10Cu12Be24 metallic glass is shown in Fig. 1.5 27.  Each 
displacement burst in the stress-strain curve corresponds to the emission of one shear-
band 28. 
During the displacement burst, the material is locally softened and the viscosity 
decreased.  Two theories have been proposed to explain this change in viscosity.  A 
localized shear-band is assumed to form due to the accumulation of free volume during 
the shearing of atoms 29-31; this leads to easy shear and a decrease in the viscosity of the 
glass 5,29,32,33.  Another explanation is associated with the local adiabatic heating within 
the shear-band region, which decreases the viscosity locally 34-36.  For example, 
Lewandowski and Greer 37 and Zhang et al. 38 suggested adiabatic heating within shear-
bands and their results are shown in Fig. 1.6.  They argued that the temperature rise was a 
consequence of, and not a cause of, shear-band formation 37. 
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(a) 
 
(b) 
 
Figure 1.5 (a) Stress-strain curve for Zr40Ti14Ni10Cu12Be24 in uniaxial compression; (b) 
total displacement as a function of time in serrated flow region of Zr40Ti14Ni10Cu12Be24 
tested in uniaxial compression 27. 
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(a) 
  
(b) 
 
Figure 1.6 (a) Tin coating formed into spherical beads at shear bands provides evidence 
of local heating and melting of the coating 37; (b) Local heating at a shear band, 
calculated for two values of total heat content 37. 
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Experimentally, viscosity change in shear-band has been measured by numerous 
techniques, including high speed cinematography 39, linear variable differential 
transducers 27, acoustic emission 40, strain gages 41,42, and high speed camera 43.  It is 
clearly shown that there are 3 steps during shear-band propagation: acceleration (Step I), 
steady-state (Step II), and deceleration (Step III) 42.  The average shear-band propagation 
speed as well as the strain rate inside the shear-band was estimated and correlated with 
the viscosity.  Free volume accumulation was concluded to be the origin of viscosity 
change, thus the formation of localized shear-band, and could be described well with the 
self-consistent Vogel-Fulcher-Tammann (VFT) relation 44.  In this equation, the viscosity 
is a function of both strain rate and temperature.  Therefore, different strain rates were 
applied to investigate the rate effect on shear-band propagation 45, and shear-band 
propagation speed was reported to be insensitive to the applied strain rate.   
Another feature of the mechanical behavior of MGs is the rate dependence of 
serrations under nanoindentation 46-48.  The typical serrated load-displacement curve of a 
Pd40Ni40P20 metallic glass is shown in Fig. 1.7 9.  It is pointed out that with the increase of 
loading rate (or strain rate), the serrations, corresponding to the shear-band emissions, 
gradually disappear.  As demonstrated by Gao et al. 49, this homogeneous-like 
deformation, defined as “Homogeneous II” on the deformation map by Schuh and Nieh 9, 
is actually caused by simultaneous formation of multiple shear-bands.  Based on these 
observations, Schuh et al. 9 proposed a four-stage formation of shear band: (1) single STZ 
activation; (2) formation of STZ clusters; (3) shear-band nucleation and (4) shear-band 
propagation.  Kinetically, shear-band nucleation is the rate-controlling process. 
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Figure 1.7 Load–displacement (P–h) curves obtained by nanoindentation of Pd40Ni40P20 
metallic glass: (a) the effect of different loading rates at room temperature.  Decrease in 
rate appears to promote horizontal displacement bursts 9. 
 
1.2.2 Shear-band nucleation 
Mechanistically, the nucleation of shear-band usually takes place at high stresses 
and low temperatures 6,7,9,50.  It begins with strains responding elastically to applied stress 
until yielding, where shear-band is activated in a locally free-volume perturbed region.  A 
mismatch in strain rate between the shear-band and matrix occurs and continues to 
become exacerbated 6,9.  The strain partitioning process is described in Fig. 1.8 6.   
Recently, using molecular dynamic simulations, Guan et al. 51 pointed out that 
applied stress and temperature were equivalent and shear-banding was a stress-induced 
glass transition process.  They pointed out that the applied stress biased the local energy 
landscape, and made some atomic clusters unstable, or liquid-like.  When the density of 
the liquid-like atomic clusters reached a critical value, the system would flow like a 
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liquid 6,52.  They developed a stress-temperature relationship for the steady-state flow in 
metallic glasses based on the constant viscosity concept, and showed   1200  TT , 
where T0 and 0 are viscosity-dependent constants.  There have been several 
experimental strength-temperature data obtained from conventional tension/compression 
tests and nanoindentation 50,53, however, Guan et al. 51 offer a new view on the origin of 
shear-banding in glassy materials.   
On the other hand, in Schuh’s shear-band-nucleation model 9, it is pointed out in 
the limit of the highest strain rates, the shear-banding is limited by the athermal attack 
frequency, and , where s is the athermal attack frequency of shear-band and n 
is the strain in the band and is a function of temperature 9.   is a characteristic strain 
rate, and separates the conditions where individual shear-band operates from those with 
simultaneous operation of multiple shear-bands.  Based on this model, by assuming the 
number of shear-band nucleation sites is proportional to the free volume density, Yang et 
al. 54 correlated the pop-in size to the strain rate and characterized the critical strain rate 
in a Au-MG at ambient temperature using nanoindentation, and estimated the shear-band 
nucleus size as a sphere with ~30 nm in diameter.   
If shear-band nucleation is the dominant process, the size of shear band nucleus 
must play the critical role.  It is always believed that there is a characteristic dimension of 
MG under which the shear-band is impossible to nucleate and the catastrophic failure is 
thereby prevented 55-59.  This characteristic dimension, i.e., shear-band nucleus size, is 
estimated to be 10~20 nm 54,60-62.  Tensile tests were also conducted on a free standing 
amorphous-crystalline Cu-Zr nano-laminate 55-58.  The nano-laminate was 100μm in 
nsc  
c
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thickness and individual thicknesses of the crystalline Cu and amorphous Cu57Zr43 layers 
were about 38 and 5.5 nm, respectively.  Extraordinary tensile ductility and high work-
hardening exponent were observed.  Nieh et al. 55-57 attributed the superior ductility to the 
suppression of shear band nucleation in the amorphous layer, since the amorphous phase 
was too thin.  Another relevant result was made by Donohue et al. who reported 
extensive cold rolling of a 10/90 nm PdSi/Cu multilayer 59.  In this case, the suppression 
of shear-band formation even after 75% plastic deformation was reported.  In this 
scenario, it is predicted that this characteristic dimension would be the “intrinsic” size 
effect in metallic glasses.  Therefore, a systematic study on the shear-band nucleation 
mechanism and its structural origin would shed lights on the potential application of 
metallic glasses. 
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(a) 
 
(b) 
 
Figure 1.8 Calculations from the work of (a) Argon 6 and (b) Steif et al. 63 illustrating the 
process of strain localization in metallic glasses.  In (a), a history of strain rate is shown 
for both the forming shear-band  and the surrounding matrix ; these quantities 
are normalized by the applied shear strain rate.  In (b), the history of strain in the shear-
band is shown. 
 b  m
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1.3 Atomistic deformation mechanisms of metallic glasses 
Previously, I reviewed the mechanical behaviors of MGs macroscopically.  In this 
section, I will microscopically review the mechanical deformation in the atomic level.  
There are two major models explaining the fundamental unit process underlying 
mechanical deformation: free-volume model 5,64-66, and shear transformation zone (STZ) 
model 6,52,67-72. 
 
1.3.1 Free-volume model 
The free volume is defined as the atomic volume in excess of the ideal densely 
packed, but still disordered, structure.  The initial free volume in a glass is fixed at the 
glass transition temperature when the atomic configuration is frozen as the liquid 
solidifies.  The steady-state deformation in metallic glasses is a competition between 
stress-driven creation and diffusive annihilation of free volume, as depicted schematically 
in Fig. 1.9.  The excess free volume is created when an atom with effective hard sphere 
volume * is squeezed into a neighboring hole with a smaller volume  by the applied 
shear stress , which supplies sufficient energy to overcome the energy barrier Gm for 
such a motion.  At low temperatures, the diffusive annihilation of free volume (backward 
jumps) may occur very slowly.  Thus the shear-band can sustain a large amount of shear-
induced excess free volume.  This leads to dilatation and decreased viscosity in the shear-
band, and thus shear-softening.   
The general flow equation is described as 5 
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where f is the fraction of the sample volume in which potential jump sites can be found, 
J is the frequency of atomic vibration (~Debye frequency), k is the Boltzmann constant, T 
is the temperature, g is a geometrical factor between 1 and 0.5,  is the atomic volume 
and f is the average free volume of an atom.   
This free-volume model provides a simple and clear explanation for the strain 
softening and thereby the heterogeneous deformation of MGs at low temperatures, and 
has been widely cited to explain qualitatively various mechanical properties.  However, 
this model has not made clear the motion and rearrangement of constitute atoms within 
shear-bands during plastic flow.  It is also unlikely that a single atomic jump is able to 
accommodate shear strain.  Moreover, the deformation process of MGs characterized by 
computer simulations, creep tests, and high-temperature nano-indentation measurements 
involve multiple atoms, instead of a single-atom motion 53,67,73-75. 
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Figure 1.9 A pictorial representation of the free volume flow process 5.  The application 
of a shear stress  biases the energy barrier by an amount eGG   , where  is the 
atomic volume and Ge is the energy required to fit an atom with volume * in a smaller 
hole of volume . 
 
 
1.3.2 Shear Transformation Zone (STZ) model 
On the basis of atomistic simulations and sheared bubble raft experiments, Argon 
et al. 6,52 introduced a model to explain the plastic deformation of metallic glasses 
through much-larger-than-atomic-size flow units.  According to this model, shear 
transformation takes place by reorganization of a local cluster of randomly closed-packed 
atoms (Fig. 1.10), that are thermally activated around free volume sites with stress, 
referred to as a “shear transformation zone (STZ)” 67-72,76,77.  Analogous to Spaepen’s 
model, the local shear transformations can lead to local dilatation and thereby strain 
softening.   
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Figure 1.10 A two-dimensional schematic of a shear transformation zone in an 
amorphous metal 6.  A shear displacement occurs to accommodate an applied shear stress 
, with the upper atoms moving with respect to the lower atoms. 
 
With a shear stress , the strain rate resulting from the superposition of many 
individual STZ operations is then given as 6: 
,     (1-2) 
in which 0 is a constant incorporating the fraction of material that is capable of 
undergoing shear transformation, 0 is the natural frequency (attempt rate) of the STZs, 
0 and 0 is the volume and shear strain of an individual STZ, and F0 is the (Helmholtz) 
free energy for STZ activation and is described as 6: 
,    (1-3) 
where  and  are the temperature-dependent shear modulus and Poisson’s ratio of 
the glass, respectively, and 0 is the ideal shear strength of the STZ, i.e., the athermal 
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stress required to activate the shear transformation.  The parameter  is a numerical 
constant that describes the volumetric dilatation of the STZ relative to its shear distortion, 
and is about equal to unity for amorphous metals.  Based on analog models of glass 
plasticity 52,78, 0, is usually taken to be of order ~0.1. 0, is generally believed to 
encompass between a few and perhaps ~100 atoms, as observed by simulations and a 
variety of indirect experimental measurements 50,52,75,77-81, in a variety of simulated 
compositions and empirical interatomic potentials.  This suggests that STZ is a general 
flow unit in all amorphous metals, although details of the structure, size and energy scales 
of STZs may vary from one glass to the other. 
The STZs are currently the most widely accepted as the deformation units in 
metallic glasses.  In spite of the differences, the free-volume model and STZ model share 
many common features: (1) both mechanisms exhibit characteristics of forward jumps or 
STZ operations compete with backward ones; (2) both mechanisms are thermally 
activated, and exhibit similar energy scales; (3) both mechanisms are associated with 
mechanical dilatation. 
 
1.4 Objective and outline of this thesis 
Based upon the above discussion, whereas there is reasonable understanding of 
shear-band propagation, only limited efforts have been made to study shear-band 
nucleation.  Therefore, the main objective of this thesis is to understand shear-band 
nucleation mechanism in metallic glasses.   
The outline of this thesis is listed as follows:  
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In Chapter 1 (this chapter), the up-to-date understandings related to MGs is 
introduced, followed by the objective and outline of this thesis. 
In Chapter 2, the methodology in this thesis, including the materials, sample 
preparation and the mechanical testing, will be presented. 
In Chapter 3, nanoindentation tests were performed on different MGs with 
different indenter tips.  The serrated pop-in behavior under nanoindentation was reviewed 
and shear-band propagation was characterized.  The material constant, shear resistance of 
metallic glass, was measured and correlated with the elastic constants. 
In Chapter 4, nanoindentation tests were conducted on a Zr-based MG.  Residual 
stresses were introduced in the sample through elastic and plastic bending.  The effect of 
residual stress on the hardness (or strength) of metallic glass was discussed and compared 
with simulation.  The underlying mechanism, i.e. the correlation between the residual 
stress and the volume dilatation, was presented.  
In Chapter 5, as an extension of Chapter 4, spherical indentation tests were 
perfomed on a Zr-based MG.  Two specimens were tested: as-cast sample and stressed 
sample.  The shear stress for the first pop-in, or the onset of yielding of the MG, was 
analyzed and compared.  As a result, the effect of residual stresses on shear-band 
nucleation was discussed. 
In Chapter 6, high-temperature nanoindentation tests were employed to study the 
temperature effect on the shear-band nucleation in an Au-based MG.  Two tasks were 
fulfilled: (1) the effect of temperature on the first pop-in stress was established, and from 
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which the activation energy was successfully derived, and (2) the shear-band nucleus 
sizes at different temperatures were estimated. 
In Chapter 7, micro-compression tests were conducted at different temperatures 
on Focused Ion Beam (FIB)-fabricated micro-pillars of a binary metallic glass with 
nominal composition of Cu50Zr50.  As a result, the shear-band propagation speeds at 
different temperatures were recorded and the effect of temperature on the viscosity in the 
shear-band was discussed.  The relationship between the strength of MG and test 
temperature was established.  The athermal shear stress for yielding of MG was extracted. 
Finally in Chapter 8 and Chapter 9, the results of this thesis are summarized and 
the perspectives for future research are suggested. 
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CHAPTER 2: METHODOLOGY 
 
2.1 Sample preparations 
2.1.1 Preparation of MGs 
Mg57Cu31Y6.6Nd5.4: Elemental pieces of higher than 99.9% purity were used as 
starting materials.  Cu-Y (or Y, Nd) ingots as an intermediate alloy were prepared by arc 
melting under a Ti-gettered argon atmosphere.  This alloy was then melted with Mg 
pieces by induction melting under inert atmosphere to obtain a master alloy with the 
nominal composition (in atomic percentage).  The master alloy was re-melted in a 
purified inert atmosphere using induction melting, then injected into the copper mold 
with internal 4 mm-diameter rod-shaped cavities. 
Au49Ag5.5Pd2.3Cu26.9Si16.3: 3-mm diameter rods were prepared by arc melting 
elemental pieces (>99.9%) and suction casting the pure elements under a purified Ar 
atmosphere. 
Zr64.13Cu15.75Ni10.12Al10: 3-mm diameter rods were prepared by arc melting the 
pure elements (>99.9%) under a purified He atmosphere and in situ suction casting into 
copper molds. 
Zr52.5Cu17.9Ni14.6Al10Ti5 (BAM-11): Buttons were prepared by arc melting in 
argon atmosphere a mixture of the constituent elements with the following purities: 99.5 
pct Zr, 99.99 pct Cu, 99.99 pct Ni, 99.99 pct Al, and 99.99 pct Ti.  The buttons were 
remelted and drop cast into a 7-mm-diameter cylindrical copper mold in Zr-gettered 
helium.  The buttons and the rods are shown in Fig. 2.1  
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Cu50Zr50: Ingots were prepared by arc-melting the appropriate amounts of high-
purity Cu (99.99%) and Zr (99.7%) under a high-purity Ar (99.9999%) atmosphere.  The 
ingot was then cast into a Cu mold to produce cylindrical rods with a 1.5 mm diameter. 
X-ray diffraction (XRD) and differential scanning calorimetry (DSC) 
measurements were performed on all as-casted MGs to verify the amorphous nature of 
these samples and their glass transition temperatures.  The mechanical and thermal 
properties of these glasses are listed in Table 2.1.  The ingots were sliced into coupons 
with a thickness of 1 mm.  The surfaces of these coupons were polished to a mirror finish 
prior to further tests.   
 
 
 
Figure 2.1 BAM-11 button and ingot prepared by arc melting and drop casting 82. 
 
Table 2.1 Glass transition temperature (Tg) and Young’s modulus (E) for the MGs. 
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Metallic Glasses Tg (K) E (GPa) 
Mg57Cu31Y6.6Nd5.4 427 54.4 
Au49Ag5.5Pd2.3Cu26.9Si16.3 401 74.4 
Zr64.13Cu15.75Ni10.12Al10 643 78 
Zr52.5Cu17.9Ni14.6Al10Ti5 (BAM-11) 686 89 
Cu50Zr50 670 86 
 
 
2.1.2 Preparation of stressed samples 
Two thin sheets with dimension of 0.6 mm × 3 mm × 15.3 mm were cut from a 7-
mm-diameter Zr52.5Cu17.9Ni14.6Al10Ti5 (BAM-11) rod by Electrical Discharge Machining 
(EDM).  The specimens were prepared in two ways, as shown in Fig. 2.2, denoted as A 
and B.  For sample A, the sheet was elastically bent and constrained in a steel ring whose 
internal diameter is 15 mm.  For sample B, three-point-bending test was performed on the 
sheet in an Instron 5566 machine until yielding occurred, and the load was released 
before fracture.  The lateral (cross-section) surfaces of the bent specimens were 
immediately imaged using Scanning Electron Microscope (SEM), and then mounted with 
epoxy and polished to a mirror finish prior to further tests. 
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Figure 2.2 Schematic drawing shows samples prepared in two way: Sample A – 
elastically bent and constrained in a steel ring; Simple B – plastically bent by three point 
bending. 
 
2.1.3 Preparation of microscaled pillars 
Thin disks of Cu50Zr50 alloy were sliced from a 1.5-mm rod, and the surface was 
grinded and polished to mirror finish before further fabrication.  Microscaled pillar 
samples for compression tests were fabricated using a Seiko SMI3050 dual FIB system 83.  
The diameter of the pillar was chosen to be 2 m and the height was at least 4 m to 
maintain a minimum 2:1 aspect ratio, shown in Fig. 2.3.  The micro-compression testing 
technique and sample fabrication by FIB have been extensively discussed in the literature 
84-87. 
 
2.2 Nanoindentation tests on MGs 
2.2.1 Nanoindentation tests at ambient temperature 
Instrumented nanoindentation experiments were conducted using a 
TriboIndenter® (Hysitron, Inc., Minneapolis, MN), as shown in Fig. 2.4.  It has a 
transducer that is based on a three-plate capacitive design (Fig. 2.4) that provides 
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excellent resolution of force (1 nN) and displacement (0.04 nm).  The indenter has a data 
acquisition rate as high as 104 Hz, which is ideal for studying the shear-band dynamics.   
To study the shear-banding behavior in different MGs, nanoindentation tests were 
performed on small disks of Mg57Cu31Y6.6Nd5.4, Au49Ag5.5Pd2.3Cu26.9Si16.3, and 
Zr64.13Cu15.75Ni10.12Al10 MGs.  Open-loop load control mode was used.  The maximum 
load was 5 mN for Mg- and Au-MGs and 9 mN for Zr-MG, since the yield strength of the 
Zr-MG is about 1690 MPa 88 which is higher than 1126 and 1200 MPa of the Mg-89 and 
Au-MGs50, respectively.  Applied loading rate was fixed at 0.1 mN/s.  To differentiate the 
geometric effect during nanoindentation, both Berkovich tip and cube-corner tip (Fig. 2.5 
(a) and (b)) were used for the measurement from the three materials.  The area functions 
of both tips were carefully calibrated on the standard fused silica sample.  At least 9 
indents were performed on each material. 
On the stressed BAM-11 samples A and B, hardness measurement by 
nanoindentation using Berkovich tip was conducted.  The indentation locations were 
carefully picked along the central axis of the sheet, as schematically illustrated in Fig. 2.2.  
Displacement control mode was applied during nanoindentation and the maximum 
displacement was pre-set at 300 nm.  Applied loading rate was fixed at 15 nm/s.  At least 
9 indents were performed at each horizontal location with respect to the central axis.  
Another set of 9 nanoindentation tests with the same testing parameters was conducted on 
the as-cast BAM-11 disk, as a reference. 
Spherical indentation was further carried out on stressed BAM-11 sample A to 
study the onset of yielding in MG, after the surface was ground and re-polished to mirror 
finish.  A blunt round cone spherical tip (Fig. 2.5 (c)) was used to capture the first pop-in 
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in BAM-11 and the tip radius was carefully calibrated with a tungsten single crystal 90,91, 
being 780 nm.  Load control mode with a constant loading rate (0.1 mN/s) was applied 
and the maximum load was pre-set at 1 mN.  The indentation locations were carefully 
selected along the central axis of the sheet, as schematically illustrated in Fig. 2.2.  At 
least 30 indents were performed at each horizontal location with respect to the central 
axis.  Spherical indentation tests were also carried out on the as-cast sample disk, to study 
the effect of strain rate on the onset of yielding in MG.  Different loading rates, 0.1 mN/s, 
0.3 mN/s and 1 mN/s, were applied.  100 indents were completed at each loading rate to 
eliminate the statistical error.   
 
 
 
 
Figure 2.3 SEM picture of the microscaled pillar. 
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Figure 2.4 TriboIndenter (Hysitron, Inc., Minneapolis, MN) and schematic of the 
transducer. 
 
 
 
Figure 2.5 Nanoindenter tips used in this thesis: (a) Berkovich tip; (b) Cube-corner tip; (c) 
Round cone spherical tip; (d) Flat-end tip. 
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2.2.2 Nanoindentation tests at elevated temperatures 
High temperature nanoindentation tests were performed on a small disk of 
Au49Ag5.5Pd2.3Cu26.9Si16.3.  The TriboIndenter (Hysitron, Inc., Minneapolis, MN) was 
equipped with a heating stage, and a blunt Berkovich tip with extended Macor holder for 
the sake of thermal shielding when used at elevated temperatures.  The Berkovich tip 
radius was calibrated on a tungsten single crystal and determined to be 620 nm, and can 
be treated as a spherical indenter at a shallow depth.  Thermal shield was installed to 
avoid overheating of the transducer.  The experimental apparatus is shown in Fig. 2.6.  
The testing temperatures were 22, 50, 75 and 100 °C, which correspond to 0.74, 0.81, 
0.87 and 0.93 Tg of Au-MG respectively.  At each temperature, two sets of 
nanoindentation tests were conducted.  For the first set, the load control mode was used 
with a constant loading rate of 0.05 mN/s.  The maximum load was set at 0.5 mN, which 
resulted in shallow indentation.  For the second set, tests were performed under open-
loop load control with a maximum load of 5 mN.  Multiple loading rates of 0.1, 0.3, 1, 3, 
and 10 mN/s were applied.  At least 20 indents were completed under each condition to 
eliminate the statistical error. 
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Figure 2.6 Experimental apparatus for nanoindentation at elevated temperatures. 
 
2.3 Micro-compression tests on MGs 
Micro-compression tests were performed on Cu50Zr50 (denoted as CuZr) 
microscaled pillars using TriboIndenter (Hysitron, Inc., Minneapolis, MN) with a heating 
stage, equipped with a conical flat-end tip (Fig. 2.5 (d)) with extended Macor holder for 
the sake of thermal shielding when used at elevated temperatures (Fig. 2.6).  The indenter 
was purchased from MicroStar Technology, and the diameter of the tip was 10 m.  The 
test temperatures were selected at 5 °C, 50 °C, 120 °C and 180 °C, corresponding to 0.40, 
0.46, 0.56 and 0.65 Tg of CuZr respectively.  Tests were conducted under open-loop load 
control mode to maximize the data acquisition rate.  A fixed loading rate of 0.4 mN/s was 
applied and the maximum load was limited at 8 mN.  Test pillars were examined before 
and after deformation using SEM. 
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CHAPTER 3: SHEAR-BANDING BEHAVIOR 
AND SHEAR RESISTANCE IN METALLIC 
GLASSES UNDER NANOINDENTATION 
 
3.1 Shear-banding behavior in MGs 
The P-h curves of the Mg57Cu31Y6.6Nd5.4 MG under both Berkovich and cube-
corner tips are shown in Fig. 3.1 (a).  It is evident that under the same load, a cube-corner 
tip can penetrate deeper than a Berkovich tip.  Also, at the same load, pop-ins are more 
pronounced under a cube-corner tip than those under a Berkovich tip.  Although not 
shown here, data from the Au49Ag5.5Pd2.3Cu26.9Si16.3 and Zr64.13Cu15.75Ni10.12Al10 MGs are 
noted to exhibit a similar trend.  The above observation is consistent with that of Jang et 
al 92-94 who argued that higher stress and larger plastic zone can be produced under the 
sharper cube-corner tip and, thereby, causing more pronounced pop-ins.  Nanoindentation 
curves obtained from the three MGs (Mg-MG, Au-MG and Zr-MG) indented with a 
cube-corner tip are shown in Fig. 3.1 (b).  For clarity, each curve is offset 50 nm.  The Zr-
MG is harder than Au- and Mg-MGs, as revealed by the fact that a higher load is required 
to indent the Zr-MG to the same depth.  The indentation depth data obtained from the 
three BMGs using the two different tips are summarized in Table 3.1.   
According to Oliver and Pharr 95, hardness is defined as the ratio of maximum 
load to contact area: 
.   (3-1) 
For an ideal conical indenter tip, 
APH /max
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2KhA  ,         (3-2)  
where h is the indentation depth and K is a geometrical constant depending on the shape 
of an indenter.  The K values are 24.5 and 2.598 for Berkovich and cube-corner tips, 
respectively 95.  From Eqs. (3-1) and (3-2), and assuming hardness is material-dependent, 
there should be hC/hB=3.1, where hB and hC are the indentation depths under a Berkovich 
and cube-corner tip, respectively.  In actuality, the experimental measurements listed in 
Table 3.1 are noted to agree well with this predicted value.  
 
 
 
 
 
 
 
 
 
 
 
 33
 
 
Figure 3.1 P-h curves of bulk metallic glasses during nanoindentation. (a) P-h curves of 
Mg-MG under Berkovich and cube-corner tips. (b) P-h curves of Zr-, Au- and Mg-MGs 
indented by a cube-corner tip.  Maximum load for the Zr-MG test was 9 mN, but it was 
only 5 mN for Au- and Mg-MGs. 
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Table 3.1 Comparison of indentation data under two different tips. 
Composition (at.%) 
Depth (nm) 
hC/hB 
Hardness serration (GPa) 
hB hC HB HC 
Mg57Cu31Y6.6Nd5.4* 220 660 3 0.25 0.45 
Au49Ag5.5Pd2.3Cu26.9Si16.3* 220 660 3 0.32 0.52 
Zr64.13Cu15.75Ni10.12Al10** 270 770 2.9 0.19 0.30 
* Maximum load is 5 mN;  ** Maximum load is 9 mN. 
 
3.2 Shear resistance in metallic glasses 
In analyzing the indentation behavior of a perfected-plastic material (e.g., MGs), 
Lockett 96 proposed that the loading curve for an ideal conical indenter tip could be 
described by a simple power-law relationship: 
  22 72.241.1tan hkP yii   ,   (3-3) 
where P is the load, h is the indentation depth, i is the centerline-to-edge angle of the 
indenter, and ky is the plastic shear resistance of the material under nanoindentation.  The 
parabolic equation is simple and the evaluation of the plastic shear resistance of a 
material appears to be straightforward, provided shape of the indenter is known and the 
P-h curve is available.  In reality, however, the P-h curve of a MG is usually not perfectly 
parabolic and often punctuated by a series of pop-in events 97, as shown in Fig. 3.1.  Thus, 
accurate evaluation of the plastic shear resistance becomes a non-trivial task.   
In a recent study of the nanoindentation behavior of an Au-MG, Yang and Nieh 54 
pointed out that the pop-in distance, h, scaled with the indentation depth and the 
hardness serration caused by pop-in was a constant at a given loading rate.  During a pop-
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in, the load P is fixed.  For a conical indenter and from Eqs. (3-1) and (3-2), the hardness 
drop H during pop-in can be calculated as 
    22 hhKPKhPH  ,      (3-4)  
where h is the pop-in distance at a pop-in event.  Assuming h<<h and rearranging Eq. 
(3-4) gives 
 PHKhh 2/3 .  (3-5) 
Inserting Eq. (3-3) into Eq. (3-5) gives 
     HkLkHKhh yyii  /72.241.1tan2 2  ,  (3-6) 
where L (=   iiK  72.241.1tan2 2  ) is a constant determined only by the geometry 
of the tip.  This equation predicts a linear functional relationship between the pop-in 
distance and indentation depth at a fixed H.  The slope of the (Δh/h)–H curve consists 
of two parts: L, a shape constant determined by the geometry of the tip, and ky, the plastic 
shear resistance determined by the material.  Therefore, in theory, the plastic shear 
resistance of a MG can be deduced from Eq. (3-6), provided L is given.  However, the 
first step is to plot (Δh/h)–H curve. 
To evaluate the hardness serration in Eqs. (3-4) – (3-6), the P-h data was 
rearranged and the hardness serration in the three MGs as a function of indentation depth 
under both Berkovich and cube-corner tips is shown in Figs. 3.2 (a) and 3.2 (b).  For 
clarity of presentation, hardness serration curves under the two tips are displayed in two 
separate figures.  Despite the fact that the hardness serration varies in different materials 
under different indenters, it remains virtually constant at different depths.  Because Au- 
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and Mg-MGs have a similar hardness and pop-in distance, data from the Au-MG are not 
included here.  It is readily observed in Fig. 3.2 that cube-corner tip can produce a larger 
hardness serration as a result of larger pop-ins.  In addition, Au- and Mg-MGs exhibit a 
larger hardness serration than Zr-MG; this is evident in Fig. 3.2 (b) and indicated in Table 
3.1.   
From the pop-in data, the pop-in distance is plotted as a function of indentation 
depth at a fixed indentation rate (or, analogously, H) for the three different MGs.  This 
is shown in Fig. 3.3.  As predicted in Eq. (3-6), a linear relationship between the pop-in 
distance and indentation depth is observed in these MGs indented under both Berkovich 
(Fig. 3.3 (a)) and cube-corner tips (Fig. 3.3 (b)).  The k values of the three MGs can be 
further deduced from the slopes of curves, as expressed in Eq. (3-4) – (3-6), and they are 
listed in Table 3.2.  As expected, ky values measured from both Berkovich (kB) and cube-
corner (kC) tips are practically the same for the same MG and, specifically, they are 0.66, 
0.93, and 1.04 GPa for the Mg-, Au-, and Zr-MGs, respectively.   
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Figure 3.2 Hardness vs. displacement curves for Zr- and Mg-MGs under (a) Berkovich 
tip and (b) cube-corner tip. 
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Figure 3.3 Pop-in size vs. displacement curves under (a) Berkovich tip and (b) cube-
corner tip. 
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In theory, plastic shear resistance is expected to depend on the shear modulus.  
Figure 3.4 is the shear resistance of the three MGs plotted as a function of their shear 
modulus.  The functional correlation shows that, indeed, 301yk .  Johnson 50 
reported that for bulk metallic glasses, the stress level for yielding is about 2% of the 
Young’s modulus, that is, 50/1/ Ey , where y  is the yield strength.  Since 
37.0/ E 1, the following relationship is further obtained 
858030 yy Ek   .       (3-7) 
This equation remarkably correlates the shear resistance of a bulk metallic glass with 
some of the key mechanical variables in a simple and elegant way.  
 
 
Figure 3.4 Shear resistance vs. shear modulus for three different bulk metallic glasses. 
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Table 3.2 Plastic shear resistance and elastic moduli of various MGs. 
 
Composition (at.%) kB (GPa) kC (GPa) (GPa) E (GPa) ky/ ky/E 
Mg57Cu31Y6.6Nd5.4 0.70 0.63 20.7 89 54.4 89 0.032 0.012 
Au49Ag5.5Pd2.3Cu26.9Si16.3 0.93 0.94 26.45 98 74.4 98 0.035 0.013 
Zr64.13Cu15.75Ni10.12Al10 1.07 1.01 28.46 88 78.41 88 0.035 0.013 
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3.3 Summary  
In this chapter, nanoindentation tests were conducted on three different metallic 
glasses (MGs) using both Berkovich and cube-corner tips.  Based on the results, several 
conclusions could be summarized as follows. 
(1) Serrated nanoindentation load-displacement curves for all three MGs were 
obtained under both Berkovich and cube-corner tips.  Larger displacement and more 
pronounced pop-ins were observed under cube-corner tip in all three materials.  The Au- 
and Mg-MGs also exhibited more pronounced pop-ins than Zr-MG, and Zr-MG was 
harder than Au- and Mg-MGs. 
(2) The pop-in distance was linearly scaled with indentation depth.  Pop-in 
distance and indentation depths were used to determine the hardness drop during each 
pop-in.  Despite the material and indenter tip, the hardness serration was virtually a 
constant in a material for a given indenter tip. 
(3) The plastic shear resistance was determined from the pop-in distance, the 
indentation depth and the hardness serration.  It was found to depend only on material 
and correlate, through a simple equation, with mechanical variables, such as shear 
modulus, Young’s modulus, and yield strength. 
From this study, I examed the effect of indenter shape on the pop-in phenomenon, 
developed an understanding of the shear resistance of a MG under nanoindentation and 
demonstrated the hardness of MGs was independent on the tip geometry.  However, MGs 
are usually produced under different cooling conditions, thereby often contain residual 
stresses.  Residual stress is known to be able to affect the strength of MGs 99,100.  In 
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Chapter 4, nanoindentaion technique along with finite element simulation will be used to 
study the effect of residual stresses on the hardness (or strength) of a Zr-MG. 
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CHAPTER 4: EFFECT OF RESIDUAL 
STRESSES ON HARDNESS IN METALLIC 
GLASSES 
 
4.1 Effects of applied stresses – comparison of experiment and 
simulation 
For references, according to Oliver-Pharr’s model 95, the modulus and hardness 
were first extracted from load-displacement curve obtained from nanoindentation tests on 
the as-cast BAM-11 sample, being 97.9 GPa and 6.64 GPa, respectively.  Herein, this 
hardness value is denoted as Ho.  The modulus value is consistent with the reported 
modulus for BAM-11, 89 GPa 34 obtained from bulk specimen and 92-112 GPa 101 by 
nanoindentation.   
The surface of BAM-11 sample A was examined using SEM and the radius of 
curvature of both compressive and tensile surfaces were measured, as indicated in Fig. 
4.1.  No shear-band was observed, indicating the bending was in the elastic region.  The 
bent curvature was calculated as C=1/RC=0.041 mm-1 on the compressive side and 
T=1/RT=0.047 mm-1 on the tensile side, with the subscripts C and T representing 
compression and tension, respectively.  The thickness of the sheet is 0.6 mm.  The stress 
in sample A on both surfaces is estimated to be 1.17 GPa, if the average value of C and 
T is taken as the curvature of the neutral plane.  Since the yield strength of BAM-11 y  
is 1.65 GPa 34, this confirms that sample A is indeed in the elastic regime. 
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Figure 4.1 Second electron image showing the bent curvature of sample A. 
 
The nanoindentation load-displacement curves for BAM-11 sample A are plotted 
in Fig. 4.2 (a), including the comparison among the indented material with different stress 
states.  The ratio of hardness over the reference value, H/H0, as a function of the 
applied/residual stresses in elastic bending, is plotted in Fig. 4.2 (b).  The data in Fig. 4.2 
(b) reveal two regions separated by the middle point O.  In the compressive region, the 
hardness is slightly increased, but in the tensile region, with the same amount of applied 
stress, the hardness is largely reduced.  Specifically, at an applied stress of 1.17 GPa, the 
hardness is reduced by ~15%.  A similar trend was also reported by Chen et al. 100 who 
showed the hardness was reduced by ~15% with an applied tensile stress of 1.4 GPa in a 
Cu45Zr46.5Al7Ti1.5 alloy.  In the compressive region, they found the hardness remained 
virtually unchanged.  However, their numerical simulations indicated a hardening effect 
under compressive stresses.  Subsequently, they argued that the constancy of hardness 
was resulted from the exact balance between compressive stress hardening and shear-
banding softening.  The following discussions will show that their calculated compressive 
hardening effect was, in fact, largely due to their improper use of axisymmetric contact 
with bi-axially applied stresses, and also demonstrate in next section that the shear-
banding-induced softening is a less significant effect. 
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The finite element analysis was conducted using the commercial software 
ABAQUS.  A three-dimensional substrate (only a quarter space is shown for the sake of 
clarify in Fig. 4.3) was loaded with a Berkovich indenter in x2 direction with a uniform 
stress applied uniaxially in x1 direction at the far boundary.  The imprints in Fig. 4.3 
clearly show the deformed surface complying with the 3-sided pyramidal, Berkovich 
indenter.  The yield asymmetry of BAM-11 is not considered here; instead, the elastic-
perfectly plastic constitutive behavior with von Mises yield criterion is used for 
simulation, and 1.7 GPa is used for the yield stress.  The elastic modulus is 89 GPa, and 
Poisson’s ratio is 0.37.  The results from simulation are also included in Fig. 4.2 (b), and 
the trend of the ratio of hardness H over H0 on both compressive and tensile sides are 
well captured by finite element analysis.  Since indentation field is predominantly 
compressive, additional compressive applied stress has little effect in changing the plastic 
yield zone as shown from the comparison between Figs. 4.3 (a) and 4.3 (b).  In contrast, a 
large change of the yield zone can be found when the applied stress is tensile as shown in 
Figs. 4.3(b) and 4.3(c).  It is also noted that metallic glasses have a relatively lower 
yE /  (~50), and the applied/residual tensile stress has a pronounced effect on the 
hardness.  This is in contrast to crystalline Al which has a high yE /  ratio and the 
residual stress produces negligible effect on its hardness 102.  Similar simulation result has 
been reported by Chen et al. 103 who demonstrated that compressive applied stress has 
very small effect on the hardness, while tensile applied stress can largely decreases the 
hardness, especially in material with a low yE / .   
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(a) 
 
(b) 
 
Figure 4.2 (a) Load-displacement curves of BAM-11 sample A under nanoindentation 
with different stress states; (b) Comparison of measured and simulated hardness changes 
as a function of applied stress in sample A, with ‘+’ and ‘-’ denoted as tensile stress and 
compressive stresses. 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.3 Three dimensional finite element simulation showing indentation impressions 
by an ideal Berkovich indenter with different applied stresses: (a) GParesxx 1,  ; (b) 
0, resxx ; (c) GParesxx 1,  . 
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4.2 Residual stresses in a plastically bent metallic glass  
The surface of BAM-11 sample B was examined by SEM and the radius of 
curvature of both compressive and tensile surfaces were measured, as marked in Fig. 4.4.  
Plastic yielding commenced at the surfaces of the plate where the local stress exceeded 
the yield strength.  Metallic glass exhibits no work-hardening and deforms by localized 
shear; the presence of numerous shear-bands is indicative of yielding.  Metallic glasses 
also follow Mohr-Coulomb yield criterion 104, thereby shear-bands are expected to appear 
earlier on the tensile surface.  In fact, it is evident in Fig. 4.4 that shear-bands are longer 
in the tensile region than that in the compressive region 105. 
The ratio of hardness in BAM-11 sample B over the reference value, H/H0, at 
various locations along the central line of the sample is shown in Fig. 4.5, with “+” and “-” 
being tension and compression, respectively.  Based on the curve, from compression side 
to tensile side, the sample can be divided into 4 regions, marked as I, II, III and IV.  I will 
discuss this hardness variation in the following context, according to the stress analysis in 
BAM-11 sample B. 
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Figure 4.4 Second electron image showing the curvature and shear bands after three 
point bending in BAM-11 sample B. 
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Figure 4.5 Measured hardness ratio as a function of position in BAM-11 sample B, with 
‘+’ and ‘-’ denoted as tensile side and compressive side. 
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Similar to Ref. 106, the stress, strain and residual stress in a MG plate after bending 
can be derived by the following steps (Fig. 4.6).  During elastic bending, the neutral line 
was at the plate center, so that the strain yxx    with  being the curvature.  The stress 
was given by 
y
I
M
xx  ,          (4-1) 
where M is the applied bending moment, and the moment of inertia is 
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   with b being the thickness in z direction. 
For a Mohr-Coulomb solid, the yield stress in tension is denoted as y , and that 
in compression as y .  Both are positive, and   yy   3.  During plastic deformation, 
the neutral plane shifted from point O to point O* (at location y*).  The strain distribution 
(only as a consequence of kinematic relationship) was given by    yyxx  , and 
the stress distribution was given by  
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where  are the boundaries of the yield zones.  
From the force balance and stress continuity conditions at , 
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Then the moment balance equation gives 
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The residual stress after elastic unloading in Fig. 4.6 (c) can be constructed from 
the liner superposition of elastic bending solution in Eq. (4-1) and elastic-plastic solution 
in Eq. (4-2).  Consequently, the residua stress is given by 
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with E* and other unknowns given in Eqs. (4-3) – (4-4).  Solving these equations, the 
distribution of residual stress can be obtained; this is shown in Fig. 4.7.  O’ represents the 
location where the residual stress is 0.  Apparently, the shift of neutral plane and the 
magnitude of the residual stresses are both dependent on the applied moment in bending.  
The larger the applied moment, the more the neutral plane shifts and the higher the 
residual stresses.  The highest residual stress can approximate the yield strength of the 
material. 
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(a) 
 
(b) 
 
(c) 
 
Figure 4.6 Analytical model for analyzing stress, strain and residual stress distribution in 
a MG plate in bending. 
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Figure 4.7 Distribution of applied stress and residual stress in a MG plate during and 
after bending. 
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It is noted in Fig. 4.7 that in the specimen from compressive region to tensile 
region, the residual stress transits from a tiny tension, to a large compression, to a large 
zone of tension and, then, returns to compression.  According to the results from BAM-
11 sample A in Fig. 4.2 (b), tensile residual stress reduces hardness, but compressive 
residual stress produces a much less significant effect on the hardness.  Therefore, one 
would expect the hardness change from a value lower than the reference value (Region I 
– tension), to the reference value (Region II – compression), to much lower than the 
reference value (Region III – tension), and then back to slightly higher than the reference 
value again (Region IV – compression).  This trend is clearly observed in Fig. 4.5, and 
the neutral plane in BAM-11 sample B lies in between O and O’.  Compared to Fig. 4.7, 
in Fig. 4.5, in region II, although the compressive residual stress decreases from the 
highest value to zero, the hardness value is essentially unchanged.  In region III, however, 
since the tensile residual stress increases from zero to the highest value, the hardness is 
decreased to the lowest value.  Liu 34 conducted both tension and compression tests on 
BAM-11, and reported different yield strengths under tension and compression.  Based 
on their results, 1.1 yy  , which is comparable to the relationship 2.1 yy   used 
in Fig. 4.7.  It is evident that the hardness variation in Fig. 4.5 is consistent with the 
residual stress calculation shown in Fig. 4.7.  
Although the hardness variation in Fig. 4.5 agrees with the residual stress 
distribution in Fig. 4.7, the situation is much more complicated in Region I and IV, 
because of the existing shear bands.  Bei et al. 13 reported shear-banding-induced 
softening in MG.  Therefore, as a result of the presence of numerous shear-bands in 
BAM-11 sample B, the hardness is anticipated to further reduce.  The average shear-band 
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spacing is about 40 m on the compressive surface and 100 m on the tensile surface in 
BAM-11 sample B (Fig. 4.4).  According to Ref. 13, a 40 m-shear-band-spacing can 
account for only 3% reduction in hardness.  However, the hardness on the compressive 
surface drops as much as 10% (Fig. 4.5).  Thus, at least 7% reduction is contributed by 
the tensile residual stress, if simply assuming the softening effects caused by tensile 
residual stress and shear-band are additive.  This indicates that shear-band plays a less 
important role than the tensile residual stresses.  Similarly, in region IV, the tensile 
residual stress is vanished and the compressive residual stress becomes dominant, which 
leads to an increase in hardness.  Since shear-bands are about 100 m apart in this region, 
they are expected to have a negligible effect on the resultant hardness value 13.  The slight 
increase in hardness on the tensile surface actually results from the compressive residual 
stress.  
 
4.3 Correlation between hardness and volume dilatation 
induced by residual stresses 
Plastic deformation of metallic glasses on the macroscopic scale is essentially a 
biased accumulation of local strains incurred through the operation of STZs and the 
redistribution of free volume 3,5,6.  As stress is increased, strains are first accommodated 
elastically, until the stress level increases to the point at which it can activate plastic flow 
in a local region where the free volume is perturbed beyond the critical value.  The 
critical free volume in this perturbed region is claimed to be a constant 9,107.  Thus, the 
onset of plastic deformation or yielding is dependent upon the initial free volume in the 
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sample 63.  For example, yield strength of a cold worked MG sample is lower than that of 
an annealed one 108,109.  This section will discuss the effect of residual stresses (both 
tension and compression) based on the average initial free volume (i.e. preexisting free 
volume) in a metallic glass. 
When the applied shear stress is sufficiently large such that the free volume 
creation rate is greater than the annihilation rate, the net rate of change of the free volume, 
f , is given by 63: 
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where * is the critical free volume required for an atomic jump (~0.8 ); nD is the 
number of jumps required to annihilate *; Gm is the activation energy for an atomic 
jump;  is the applied shear stress; is the atomic volume; J is the jump frequency; k is 
Boltzman’s constant; T is the temperature; g is a geometrical factor on the order of 1; S 
is a material constant given by 2(1+)/3(1-);  is Poisson’s ratio; and  is the shear 
modulus.  This equation describes the global free volume change, in particular, before 
yielding.  At the onset of yielding, the free volume in a local region, as a result of 
perturbation, exceeds the critical value and shear-band begins to form and rapidly 
propagate.  Assume that the metallic glass behaves homogeneously within a shear-band 
110.  For a solid undergoing homogeneous shearing, the shear strain rate,  , is expressed 
as 
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where   is the rate of change of the applied stress 63,111.  The numerical solution of 
equations (4-6) and (4-7) is plotted in Fig. 4.8, in which the correlation between the 
normalized shear stress, /2kT , and the normalized initial free volume,  f /g, is 
obtained.  As expected, the shear stress is sensitive to the initial free volume.  Also noted 
that, within the region of significance where  04.0~024.0f , the curve in Fig. 4.8 
is approximately linear, i.e. the normalized stress scales linearly with the free volume 
(g ~1).  Therefore, the dependence of hardness on the initial free volume can be 
correlated through: 
H     f .        (4-8) 
where  is the flow stress.   
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Figure 4.8 Correlation between the normalized maximum stress /2kT  as given by the 
numerical solution of equations (4-6) and (4-7) and the normalized initial free volume 
 f / . 
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Flores and Dauskardt 110 investigated the effect of stress state on strain 
localization and proposed a relationship between the mean stress and the average initial 
free volume in the elastic region.  (In the current study, I treat volume dilation caused by 
residual stresses as free volume change.)  Under a compressive mean stress, the dilatation 
of the initial free volume is taken to be the same as the elastic dilatation of the material as 
a whole.  That is, the atomic (hard sphere) volume itself changes under the application of 
the mean stress.  In this case, the initial free volume is given by 110: 


 
B
C
f
 10         (4-9) 
where B is the bulk modulus and 0 is the average initial volume designated to each atom 
without a superimposed stress.  On the other hand, in tension, all of the dilatation is 
attributed to a change in the initial free volume, and the hard sphere atomic volume is 
held constant 110: 
B
T
f
  0 ,         (4-10) 
where  is the atomic volume.  Eq. (4-10) describes a much larger initial free volume 
change for a given mean stress than is the case with equation (4-9), since 0 is only a 
small fraction of .  The bulk modulus for BAM-11 is 107 GPa 112.  Therefore, for the 
current material under compression,   %1.1000  BHH CfC  , which is 
comparable to the experimental measurement.  If I directly compare the hardness change 
under the two different stress states, the following relationship can be obtained, where the 
subscripts T and C stand for compression and tension, respectively: 
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.       (4-11) 
Since the average initial free volume in the metallic glass without residual stresses is only 
a small fraction of the atomic volume, the magnitude of the change of the hardness is 
much more pronounced under tension than that under compression.  For example, at 
50 and %1.10  HHC , the hardness change under a tensile residual stress would 
be larger than 50%.  
 
4.4 Summary 
In this chapter, the effect of residual stresses on indentation behavior of a 
Zr52.5Al10Ti5Cu17.9Ni14.6 (BAM-11) metallic glass was investigated.  A series of hardness 
measurements were conducted on samples both elastically and plastically bent.  FEM 
simulations were also carried out to compare with the experiments.  Based on the results, 
several conclusions are summarized as follows.  
(1) In the elastic bending, the hardness value significantly decreased under a 
tensile stress, but only slightly increased under a compressive stress.  In the plastic 
bending, the situation was more complicated.  Hardness varied from a value lower than 
the reference value (tension), to the reference value (compression), to much lower than 
the reference value (tension), and then back to slightly higher than the reference value 
again (Region IV – compression), as shown in Fig. 4.5. 
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(2) 3-D FEM simulations accurately predicted the hardness-residual stress 
relationship in the elastically bent sample.  Hardness variation in the plastically bent 
sample, although was complicated, followed exactly the residual stress pattern that 
described by an analytical model based on yield asymmetry in metallic glasses.   
(3) A structure model based upon the effect of volume dilatation (or change of 
free volume) under both tension and compression on shear stress was presented.  The 
model predicted a high sensitivity of hardness on tensile residual stresses but relatively 
insensitive on compressive stresses, which were consistent with the experimental 
observations.   
(4) It was also demonstrated that softening in metallic glasses caused by a tensile 
residual stress was more significant than that induced by shear banding.   
In this study, the effect of the residual stresses on the macroscopic hardness of 
MG was discussed.  The results were well explained by free volume model, and the 
relationship between the hardness and the free volume was established.  However, shear-
band formation is an atomic-scale process.  In Chapter 5, the tests will be carried out in 
the sub-micron scale, and the effect of the residual stresses on the onset of yielding or 
shear-band nucleation, as well as its corresponding structural origin will be presented. 
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CHAPTER 5: EFFECT OF RESIDUAL 
STRESSES ON THE SHEAR-BAND 
FORMATION IN METALLIC GLASSES 
 
5.1 Onset of yielding in BAM-11 
5.1.1 First pop-in in the as-cast sample 
The load-displacement curve from spherical indentation on a small disk of as-cast 
BAM-11 with a loading rate of 0.1 mN/s is plotted in Fig. 5.1.  The first pop-in is clearly 
identified, as marked by a discontinuity at a relatively shallow indentation, around 20 nm.  
The first pop-in is normally attributed to the onset of plasticity 113, thus the completion of 
shear-band nucleation, and the shear stress at the first pop-in is regarded as the theoretical 
strength of a material.  Prior to the first pop-in, the load-displacement relationship can be 
fitted to the Hertzian contact solution 114: 
P  4
3
E * Rh 3
,         
(5-1)  
where E* is the effective modulus of the pair of contacting solids, and can be derived 
from      122 /1/1   iiss EEE   114.  Here Es and s, and Ei and i are the Young’s 
modulus and Poisson’s ratio of the MG sample and diamond indenter, respectively.  
Fitting the load-displacement curves prior to the pop-in in Fig. 5.1 to Eq. (5-1) results in 
E *  98.9 GPa for BAM-11, which is comparable with the literature value of 92-112 
GPa 101,115 obtained by nanoindentation.   
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Figure 5.1 Load-depth curve of the as-cast BAM-11 under nanoindentation.  The first 
pop-in is indicated. 
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According to Hertz contact theory, prior to the shear-band initiation, the elastic 
contact field in the r, z   coordinates is 114,116: 
 rr r, z 
p0
 1 2
3
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where p0  6PE
2
 3R2




1 3
 is the maximum contact pressure, P the load, R the tip radius,  
Poisson’s ratio, a the contact radius and u is 
u  1
2
r2  z2 a2   r2  z2  a2 2  4a2z2
 .                                              (5-6) 
At each location under the indenter, the stress tensors, rr, , zz, and rz (Eqs. (5-2) – 
(5-6)), can be used to calculate the three principal stresses 1, 2, and 3, from which a 
local maximum shear stress can be obtained as a function of position through 
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max r, z   12 1  3 .  Without additional stresses, the maximum shear stress lies along 
the z-axis below the surface at r=0, z=0.48a, and is about 0.31 p0, when  is taken as 0.3 
114.   
Nanoindentation test on the as-cast sample (without residual stress) with a loading 
rate of 0.1 mN/s showed the average maximum shear stress of BAM-11 from the 100 
indents is about 3.59 GPa with an upper bound value of 3.82 GPa, which corresponds to 
~/8, with = 31 GPa 112 being the shear modulus.  This value is consistent with the 
ideal shear strength of BAM-11 reported previously 113,117.   
 
5.1.2 Effect of strain rate on the onset of yielding  
The cumulative probability as a function of first pop-in load in the as-cast sample 
at different loading rates is plotted in Fig. 5.2.  It is readily observed that the distribution 
of the pop-in load is uniform in all cases, with very little variation.  Unlike crystalline 
materials which show strong strain rate dependence in the first pop-in 118, Fig. 5.2 shows 
that the first pop-in in BAM-11 is insensitive to the applied loading rate or strain rate.  
The experimental results are consistent with those reported in Ref. 119, where spherical 
indentation tests were performed on different metallic glasses and the nanoscale strength 
(first pop-in load) distribution was found to be essentially unchanged as the rate of the 
test was varied over two orders of magnitude.  This result agrees with the facts that the 
strain rate sensitivity of MG measured by nanoindentation is insignificantly small 120 and 
the strength of MG is a weak function of strain rate when it is deformed by localized 
shear banding at a temperature lower than Tg 121,122. 
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Figure 5.2 Cumulative probability as a function of the first pop-in load at different 
loading rates. 
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Based on the shear transformation zone (STZ) model 6,52, with an individual STZ 
volume of 0 that sustains a shear strain 0, the (Helmholtz) free energy for STZ 
activation, F0, can be calculated according to Eq. (1-3): 
F0  7 530 1  
2 1 
9 1  
2  1
2 0 
 0
 T 





 T  02 0 . 
The Possion’s ratio for BAM-11 is 0.37.  Assume the ideal shear strength of STZ is the 
same as the first pop-in stress, the activation free energy F0 is readily computed to be 
4.5 eV, which falls within the general range of 1-5 eV for metallic glasses 3. 
 
5.2 Effect of residual stresses on the onset of yielding  
5.2.1 Critical shear stress (Hertzian stress) for the onset of yielding 
The maximum contact pressure underneath the indenter as a function of residual 
stress, at the first pop-in, calculated from Eqs. (5-2) – (5-6), along the z-axis is shown in 
Fig. 5.3 (a).  In the region with compressive residual stresses, the effect of the residual 
stress on the maximum contact pressure at the onset of yielding is noted to be negligible, 
i.e., the maximum pressure remains practically constant.  By contrast, on the tensile side, 
the maximum pressure reduces drastically (a higher slope).  It is of interest to note that 
the functional trend in Fig. 5.3 (a) is similar to the effect of residual stress on the hardness 
in metallic glasses 115.  Previously, the effect was demonstrated to be a result of different 
initial excess volume in metallic glasses.  The cumulative probability of pop-in as a 
function of the maximum pressure under indenter in BAM-11 under different residual 
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stresses is shown in Fig. 5.3 (b).  Similar to the results in Fig. 5.2, the distribution of the 
maximum pressure is, again, uniform in all cases, with only small variation.  Apparently, 
the average maximum pressure is the lowest under a tensile residual stress but highest 
under a compressive residual stress.  Also, the value in the compressive region and the 
value for the as-cast state (without residual stress) are close to each other.  Using Eqs. (5-
2) – (5-6), the mean applied shear stresses from the Hertzian stress field are calculated to 
be 3.3 GPa under a tensile residual stress of 1.09 GPa and 3.8 GPa under a compressive 
residual stress of -1.13 GPa.   
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(a) 
 
(b) 
 
Figure 5.3 (a) The maximum pressure under a spherical indenter as a function of residual 
stress for BAM-11; (b) The cumulative probability of pop-in versus the maximum 
pressure under the spherical indenter with different residual stresses. 
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5.2.2 Effective shear stress for the onset of yielding in BAM-11 
It is the shear stress that causes dilatation instability, thereby shear-band 
nucleation and propagation.  The stress field underneath an indenter is mainly 
compressive.  Since this study is primarily focused on the first pop-in stress and the 
residual stress, the stress field is elastic.  Superimposing Hertzian and residual stress 
fields, the effective maximum shear stress under the indenter can be estimated and is 
plotted as a function of the residual stress in Fig. 5.4 (a).  The inset illustrates the stress 
field used in the calculation.  In the (x,y,x3) coordinates (indentation in the -x3 direction), 
the applied residual stress σxx,res  is along the x-axis.  The principal shear stresses may 
occur on the (x1,x3)-plane, where x1 makes an angle θ from x and the residual stresses are 
given by a tensor transformation.  It is evident in Fig. 5.4 (a) that when the residual stress 
is tensile, the maximum shear stress under the indenter is no longer equal to 0.31 p0.  The 
effective maximum shear stress is dependent on the magnitude of the residual stress.  On 
the other hand, when the compressive residual stress is smaller than 0.4 p0, the magnitude 
of the maximum shear stress is essentially constant (0.31 p0).  Also indicated in Fig. 5.4 
(a) is that there is a turnover where the compressive residual stress is around 0.40 p0, 
above which the effective maximum shear stress needs to be modified.  (In searching for 
the maximum shear stress, it is also noticed that when the applied compressive residual 
stress is larger than -0.4 p0, the maximum shear stress takes place along the contact axis 
at a depth of about 0.5a.  However, when the applied compressive residual stress is less 
than -0.4 p0, there is a sudden transition of the maximum shear stress location to the 
contact shoulder, as indicated in Fig. 5.4 (b) for xx,res/p0 = -0.5 and θ = 90.)   
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(a) 
 
(b) 
 
Figure 5.4 (a) Calculated maximum shear stress versus residual stress; (b) the 
distribution of shear stress under the indenter when the residual stress is equal to 50% of 
the contact pressure. 
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The residual stresses in the current study are ±1.17 GPa with “+” being tensile 
and “-” being compressive, and the maximum contact pressure p0 is 12.2 GPa on the 
compressive side and 10.9 GPa on the tensile side (read from Fig. 5.3 (a)).  Therefore, the 
maximum residual stress (the absolute value) is -0.14 p0 on the compressive side and 0.15 
p0 on the tensile side.  The range of residual stresses in the current study is marked by the 
red box in Fig. 5.4 (a).  It indicates that, on the compressive side, the maximum effective 
shear stress is equal to 0.31 p0.  However, it needs to correct for tensile residual stress and 
the correction can be read from Fig. 5.4 (a).  After correction, the effective maximum 
shear stress for the first pop-in as a function of the residual stress is shown in Fig. 5.5.  It 
is noted that, despite the presence of residual stresses, the maximum effective shear stress 
at the first pop-in is essentially constant.  The average value of 3.85 GPa agrees well with 
data obtained from Fig. 5.2 and compares favorably with the ideal strength of BAM-11 
(~3.8 GPa) reported in the literature 113,117.  
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Figure 5.5 The resolved shear stress for the first pop-in as a function of the residual 
stresses in BAM-11. 
 
It is worth to be noted that in the current analysis, the maximum shear stress max 
under the indenter was chosen to be the yield criterion, but the shear stress value for the 
onset of yielding was higher than that obtained in experiments, i.e. uniaxial compression.  
Packard et al. 123 pointed out the shear plane yield criterion would result much lower 
stress value and better match to the experiments.  They also showed that, no matter what 
yield criterion was used, the yield stress was linearly scaled with the contact pressure, 
y=p0, and the only difference is the constant  under different yield criteria.  Actually, 
Bei et al. 117 also showed for the spherical indentation geometry, regardless the yield 
criterion that is used, the yield stress at first pop-in could be written in the form y= 
Cymax, where the constant Cy depends on the yield criterion.  However, in the current 
study, the absolute value of the shear stress under the indenter is not a direct interest; 
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rather I examine the change of maximum shear stress upon the superposition of residual 
stress.  In addition, because the residual stress is uniform in space, the entire maximum 
shear stress fields are only shifted by a constant when the residual stress is superposed, 
therefore it is anticipated that using the shear plane criterion will not change the 
conclusion of the effect of residual stress on pop-in.  Therefore, using maximum shear 
stress as the yield criterion is sufficient in the current analysis. 
 
5.3 Structural origin causing the onset of yielding 
The fact that the effective shear stress at the first pop-in is constant, regardless of 
the local stresses, suggests that certain structural parameter which determines the onset of 
yielding is also constant.  In contrast to crystalline materials, amorphous materials do not 
have well identifiable structural features, such as grain size, dislocations, impurity atoms, 
precipitate particles and cracks, to affect the yield strength.  The only well recognized 
structural feature is probably the free volume as a result of the lack of long-range atomic 
order.  According to the stress-assisted-glass-transition argument proposed by Guan et al. 
51, when the density of the liquid-like atomic clusters reached a critical value, the system 
would flow like a liquid 6,52.  The critical density of the liquid-like atoms must be related 
to the critical free volume in the metallic glass, due to the dilatation induced by the 
applied stresses 5,6,124.  Therefore, in this section, I will discuss and rationalize the 
correlation between the critical free volume in metallic glasses and the onset of yielding.  
In the following discussion, since the absolute value of free volume in metallic glasses is 
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difficult to obtain and actually impossible to define 50, I adopt from Ref. 5 the normalized 
free volume as x  f g . 
In the current study, the critical free volume at the onset of yielding mainly 
consists of three parts: the initial free volume x0, the free volume created by residual 
stress xR, and the free volume created by Hertzian stress field x: 
xCri  x0  xR  x.         (5-7) 
x0 is assumed to be uniform in the material.  In terms of xR, it was demonstrated in a 
previous study xR
C  0.01x0 , and
 
xR
T
xR
C  0  k
 115. 
To correlate the free volume with the shear stress from Hertzian stress field, 
according to Eq. (4-6), the net rate of change of the free volume, f , is given by 63: 
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During deformation, the free volume gradually increases (i.e., f > 0) until  f =0 and the 
shear stress  reaches its maximum at the onset of yielding: 
2gkT
 f S cosh

2kT
1


1
nD
 0.       (5-8) 
Rearranging Eq. (5-8) readily gives 
x0  x S
2kTnD
 cosh 
2kT



1, where (x0+ x) is the 
final excess free volume for yielding.  In the current study, the applied shear stresses 
from the Hertzian stress field at the first pop-in at locations with the maximum magnitude 
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of residual stresses are 3.8 and 3.3 GPa (read from Fig. 5.3 in section 5.2.1) on the 
compressive and the tensile sides, respectively.  These stress values yield x
T  x0
x
C  x0
 0.6.  
Combine this relationship with Eq. (5-8) and assume xR
C  0.01x0  is negligible, it finally 
gives 
xCri  x0  xC  x0  xRT  xT  0.01kx0 0.6xCri,    (5-9) 
from which 
xCri  k40 x0 
1
40

0
0
 
1.25
40 
0.03
 .     (5-10) 
This relationship indicates the critical free volume for the onset of yielding is only 
function of the material-independent, geometric factor g.  Given g = 0.5–1.0 5, xCri
 
would be in the range of 3 to 6%.  Based on the available data about the critical free 
volume for the onset of yielding in metallic glasses, 6% is likely to be the upper bound 
value.  
 
5.4 Summary 
In this chapter, a series of spherical indentation were conducted on the as-cast and 
elastically bent Zr52.5Al10Ti5Cu17.9Ni14.6 (BAM-11) metallic glass to investigate the effect 
of strain rate and residual stresses on the onset of yielding.  Several observations are 
described as follows. 
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(1) The critical shear stress for the first pop-in or the onset of yielding in BAM-11 
was measured to be ~3.8 GPa, or ~1/8 of the shear modulus.  This stress was found to be 
independent on the applied strain rate.  The activation energy for STZ motion was 
estimated to be 4.5 eV.  
 (2) In the elastically bent and constrained specimen, the contact pressure 
underneath a spherical indenter that is required to initiate shear-band (i.e. onset of 
yielding) significantly decreased in region under a tensile stress, but only slightly 
increased in region under a compressive stress.  However, by superimposing the Hertzian 
and residual stress fields underneath the spherical indenter, the effective critical shear 
stress for the first pop-in in BAM-11 was found to be practically constant. 
(3) The constancy of the effective critical shear stress was rationalized by the fact 
that there was a critical value of free volume beyond which the onset of yielding would 
occur.  This is in accord with the recent report that when the local atomic density reduces 
to a critical value, as a result of stress bias, the system flows in a liquid-like manner 51.   
From Chapter 3 to Chapter 5, various factors affecting shear-band formation in 
MGs were discussed, including the material effect, the tip geometry effect, the strain rate 
effect and the residual stress effect.  In the following, the temperature effect will be 
exclusively discussed.  The effect of temperature on the onset of yielding in an Au-MG 
will be presented first in Chapter 6. 
 
 
79 
CHAPTER 6: EFFECT OF TEMPERATURE 
ON SHEAR-BAND NUCLEATION IN AN AU-
MG 
 
6.1 Onset of yielding in Au-MG at different temperatures 
6.1.1 Critical shear stress for the shear band nucleation in Au-MG 
The typical load-displacement curves of the Au-based MG under shallow 
spherical indentation at various temperatures are plotted in Fig. 6.1.  The loading curves 
are interrupted by several discrete pop-ins at all testing temperatures, which represent 
shear-band propagation 46,47.  The first pop-in normally marks the onset of plasticity 113,117, 
thus the completion of shear-band nucleation.  It is readily observed the load at the first 
pop-in slightly decreases with the increase of temperature.  Prior to this first pop-in, the 
load-displacement relationship (Figs. 6.2 (a) and 6.2 (b)) can be fitted to the Hertzian 
contact solution 114, and the fitting procedure is described in Chapter 5 section 5.1.1.  The 
fitting gives the effective modulus 9.75* E GPa for the Au-MG.  This value is slightly 
lower than the predicted value of 82.9 GPa using 74.4 GPa 98 for the modulus of the bulk 
Au-MG.  Since the elastic modulus of metallic glasses is a weak function of temperature, 
change of 2 GPa within 300 K 125, the modulus is assumed to be independent of 
temperature in the inhomogeneous deformation region where the tests were conducted. 
 80
 
Figure 6.1 Load-displacement curves of Au-MG at different temperatures.  The first pop-
ins are marked for each temperature. 
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(a) 
 
(b) 
 
Figure 6.2 Load-displacement curves of Au-MG overlaid with Hertzian analysis at (a) 
323 K and (b) 373 K. 
 82
According to Hertz’s contact theory, the pressure and stresses under a spherical 
indenter along the z-axis can be described by 114 
31
23
2
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 r
p0
 
p0
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Along the z-axis r,  and z are the principal stresses.  It is the shear stress that causes 
shear-band to nucleate and propagate.  The principal shear stress under the indenter is 
determined by 1  12  z  .  The maximum shear stress lies along the z-axis below the 
surface at z=0.48a, and is equal to 0.31 p0, when  is taken as 0.3 114.  In the current study, 
the shear stress at the first pop-in as a function of temperature is plotted in Fig. 6.3.  The 
error bars represent the statistical variations of the shear stresses at the first pop-in from 
the 20 indents at each temperature.  The pop-in shear stress is noted to decrease linearly 
with the increase of temperature; this is consistent with the results in Fig. 6.1. 
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Figure 6.3 Shear stresses at the first pop-in in the Au-MG as a function of temperature. 
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6.1.2 Activation energy for STZ in Au-MG 
For a metallic glass subjected to a shear stress , the strain rate resulting from the 
activation and self-assembly of STZs is given by Eq. (1-2) 6: 
 000 exp  F0kT



sinh
00
kT



. 
Assume 00 kT  0  and sinh 00 kT  1 2exp 00 kT  , and then at a fixed 
strain rate, Eq. (6-4) can be rearranged as: 
  F000 
kT
00 ln
2 
000
.        (6-4) 
This equation can be directly compared with data shown in Fig. 5.3.  Using 0 = 0.1, and 
00 = 1011 s-1 9, the activation volume, 0, can be deduced from the slope of the curve, 
which is estimated to be 2 nm3.  This value is consistent with that predicted by 
simulations and from a variety of indirect experimental measurements, generally contains 
between a few and perhaps ~100 atoms 50,52,75,77-81,120.  Further using 0= 2 nm3 and the 
y-interception in Fig. 6.3 the activation free energy, F0, can be readily determined to be 
about 3 eV.   
The Helmhotz free energy F0 can also be verified using Argon’s “shear 
transformation zone (STZ)” model through Eq. (1-3) 6:  
F0  7530 1  
2 1 
9 1  
2  1
2 0 
 0
 T 





 T  02 0 . 
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In the case of the current Au-based MG, the Possion’s ratio is 0.406 and the shear 
modulus at room temperature is 26.5 GPa 98.  Insert these values and the pop-in shear 
stress 0=1.9 GPa into Eq. (1-3), the activation free energy F0 is calculated to be 2.4 eV 
(145 kJ/mol).  This value is noted to be consistent with the value of 3 eV obtained from 
Fig. 6.3 and is also within the general range of 1-5 eV 3.  It is also comparable to the 
activation energy for a Pt-based MG (190 kJ/mol) extracted from the viscosity 
measurement in the homogeneous deformation region 126. 
 
6.2 Sizes of shear-band nucleus at different temperatures 
Yang et al. 54 pointed out that at a fixed temperature and stress, the hardness 
serration (or pop-in size) during indentation should decrease with the logarithmic 
increase in the strain rate.  In addition, there existed a critical strain rate beyond which 
pop-in, thereby hardness serration would disappear.  This critical strain rate is correlated 
with the size of shear-band nucleus through 54: 
c
n
s
NN 


00 ,         (6-5)
 
where Ns is the number of atoms contained in a shear-band nucleus, N0 ~ 30 6 is the 
number of atoms in a STZ, 120 10 /s 6 is the athermal natural vibration frequency of a 
STZ, and c  is the critical strain rate beyond which multiple shear-bands form 
simultaneously.  n is the local strain required for shear-band nucleation and is a function 
of temperature, which can be read from Fig. 8 in Ref. 9.   
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Figure 6.4 Hardness serration size versus strain rate at different temperatures. 
 
During nanoindentation, the loading curve can be simply described by P=24.5h2, 
and the indentation strain rate can be converted from the loading rate via   h h  P 2P .  
The magnitude of hardness serration (or hardness drop) as a function of logarithmic strain 
rate for the current Au-MG is plotted in Fig. 6.4.  The critical strain rates are estimated to 
be 3000, 5000, and 6000 s-1 at 293, 323, and 348 K, respectively.  It is noted that data 
obtained at 373 K is not included in the analysis since the temperature is over 0.9 Tg, too 
close to the homogeneous deformation region 9.  In fact, data obtained at this temperature 
also show large variation.  n are 1.5×10-4, 2.2×10-4 and 2.7×10-4 at 293, 323, and 348 K, 
respectively, from Fig. 8 in Ref. 9.  According to Eq. (6-5), sizes of the shear-band 
nucleus are estimated to consist of 1.5×106, 1.3×106 and 1.4×106 atoms at temperatures of 
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293, 323, and 348 K, respectively, or a sphere of ~17 nm, 16 nm and 17 nm in diameter, 
respectively (the atomic size of gold is ~0.15 nm).  These sizes agree reasonably with the 
typical shear-band thickness of 10-20 nm 54,61,62.   
The size of shear-band nucleus is apparently not sensitive to the testing 
temperature, provided that the deformation mode is inhomogeneous.  This is somewhat 
expected since, in the temperature range of the current study, both n (Fig. 8 in Ref 9) and 
c  (Fig. 6.4) are approximately scaled linearly with the temperature.  As a result, the 
temperature factor in the numerator and denominator in Eq. (6-5) cancelled out and the 
nucleus size was practically a constant.  From the viewpoint of excess free volume, 
atomic diffusion and rearrangement are relatively sluggish in the inhomogeneous 
deformation region, thereby free volume annihilation is negligible.  As the onset of 
yielding is determined by the excess free volume 107, in the absence of free volume 
annihilation, shear-band initiation, i.e. the completion of shear-band nucleation, would be 
mainly determined by the applied shear stress, not the temperature.   
 
6.3 Summary  
In this chapter, nanoindentation tests were performed on an 
Au49Ag5.5Pd2.3Cu26.9Si16.3 metallic glass at temperatures below the glass transition 
temperature using a blunt spherical indenter to identify the onset of yielding and estimate 
the shear-band nucleus size.  Several observations were obtained and summarized as 
follows. 
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(1) The load-displacement from Au-MG exhibited pop-ins.  The portion prior the 
first pop-in on the load-displacement curve was fitted well with Hertzian contact theory.  
The critical shear stress for the first pop-in, i.e. the onset of yielding, was measured as 1.9 
GPa at room temperature, and was found to decrease at a higher temperature.   
(2) The stress-temperature relationship was established.  The size of STZ in Au-
MG was estimated to be ~2 nm3 and the activation free energy for STZ motion was about 
2 eV, in good agreement with the theoretical prediction.   
(3) The strain-rate dependence of serrated flow during nanoindentation was also 
studied at different temperatures, from which the sizes of shear-band nucleus at different 
temperatures were deduced.  The nucleus consisted of about 1.5×106 atoms (or a sphere 
of ~17 nm in diameter) and appeared to be insensitive to the temperature.   
In this chapter, a linear relationship between temperature and the critical shear 
stress for shear-band nucleation in the nm scale was established.  In the next chapter, 
Chapter 7, I will examine the shear-band formation in the m-sized samples, and discuss 
the relationship between temperature and the strength of MG. 
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CHAPTER 7: EFFECT OF TEMPERATURE 
ON THE YIELD STRENGTH OF A BINARY 
CUZR METALLIC GLASS: STRESS-INDUCED 
GLASS TRANSITION 
 
7.1 Strength-temperature relationship in MG 
The nominal stress-strain curves at different temperatures are plotted in Fig. 7.1a.  
As samples are slightly tapered, the stress distribution is, in fact, inhomogeneous along 
the axial direction.  As a result, yielding usually initiates at the top part of a pillar where 
the sample experiences the highest stress, while the part underneath experiences only 
elastic deformation 87,127.  In this thesis, I only focus on the yield strength, which is the 
stress causing the formation of the first notable shear-band at the top of the pillar.  
Therefore, for the convenience of analysis, the nominal stress is defined as the ratio of 
load over the area of the pillar top, which is essentially the engineering stress prior to 
yielding.  The curves exhibit some serrations before the macroscopic yielding, especially 
at high temperatures.  These serrations are mainly caused by the random shear-band 
formation and quickly dissipated in the sample.  The first serration usually occurs at a 
stress level that is dependent upon the resolution limit of the displacement measurement 
42,121.  In this thesis, I choose the stress at the first sizable displacement burst as the yield 
strength since it marks the onset of macroscopic plastic flow.  In this manner, the yield 
strength (2.1-2.3 GPa) appears to decrease with the test temperature, at least within the 
current temperature range (0.4-0.65Tg) where inhomogeneous deformation dominates.  
Similar result has been observed previously in another Cu57Zr43 metallic glass 128.  SEM 
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images of the CuZr pillar before and after deformation at 278 K are presented in Fig. 7.1b 
and 7.1c, respectively.  It is readily observed that the pillar is deformed by one large 
shear-band extending across the entire sample plus some smaller ones.  Since the 
microcompression was performed under a load-control mode, multiple contacts occurred 
between the punch and the sample immediately after the major shear event.  Thus, data 
obtained after the multiple contacts have limited significance. 
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Figure 7.1 Nominal stress-strain curves (a) of CuZr under micro-compression at different 
temperatures under a constant loading rate of 0.4 mN/s (equivalent to a strain rate of 
~0.003 s-1) and SEM images of CuZr pillar deformed at 278 K (b) before deformation 
and (c) after deformation. 
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Several years ago, Yang et al. 129 argued that, different from crystal solids in 
which yielding involves bond switch in an orderly manner, yielding in metallic glasses 
should be determined by bond breakage.  By computing separately the mechanical and 
thermal energies that are required for bond breakage and, then, equating them, they 
derived a simple equation as 129 
)(50 TT
M gs
y   ,        (7-1) 
where y is the yield strength, T is the ambient temperature,  is the density, Ms is the 
molar mass, and Tg is the glass transition temperature.  This linear relationship between 
yield strength and temperature was further confirmed by Liu et al 130.  Yield strengths of 
the current CuZr as a function of temperatures are plotted in Fig. 7.2.  It is evident that 
the yield strength decreases with increasing temperature, but does not scale linearly with 
the temperature; the best fitting strength-temperature curve appears concave.  A nonlinear 
relationship between y  and Tg has been reported in literature before.  For example, 
Schuh et al. 3 showed that in macro-scale samples the yield strength was nonlinear (it in 
fact gave the power-law exponent as 1/2).  Johnson and Samwer 50 also proposed a 
power-law exponent of 2/3 instead of 1/2, based on the potential energy landscape 
perspective 131. 
 93
 
Figure 7.2 Yield strength vs. temperature profile for the current CuZr. 
 
According to the stress-assisted glass transition model 51, the applied stress biased 
the local energy landscape, and caused some atoms unstable, or liquid-like.  
Macroscopically, this corresponds to plastic yielding in the inhomogeneous deformation 
region.  Guan et al. 51 extended the early idea 129,130, namely, the equivalency of the 
mechanical energy and thermal energy, and carried out molecular dynamic simulations.  
They found that the critical applied stress for the induced softening process (or the yield 
strength) and the temperature were well correlated through the constant viscosity at glass 
transition, and followed a simple expression 51,  
T
To
 ( o )
2 1
,
  (7-2) 
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where To and o are viscosity-dependent, normalized constants.  
The current CuZr data can readily fit into the above equation with the values of o 
= 2.63 GPa and To = 1062 K, as shown in Fig. 7.3.  For a comparison, available data from 
several other metallic glasses are also included in the figure.  It is of interest to note that 
all data collapse into one single line.  The normalized constants, o and To, for each alloy 
are listed in Table 7.1.  In principle, o and To are determined by the intercepts of the 
straight line with x- and y- axes, respectively.  Specifically, To is the temperature when  
= 0.  As shown in the table, To is close to or slightly lower than the melting point, where 
the alloy behaves like a liquid and cannot sustain any stress.  On the other hand, o is the 
strength of the material at T = 0K, which is expected to scale with the shear modulus, .  
In Table 7.1, the shear stress 0 is approximated as half of the normal stress 0 and, then, 
0/ is about 1/30.  This value agrees well with the previous result that shear resistance of 
metallic glasses is also about /30 132.  It appears, therefore, shear resistance is physically 
the measure of the normalized shear stress for MGs. 
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Figure 7.3 Two-dimension plot of constant viscosity as a function of temperature and 
stress.  The data for Cu57Zr43 are from Ref. 128, the data for Au-MG are from Ref. 53, and 
the data for Zr-based MGs are from Refs. 8,133. 
 
 
 
Table 7.1 Normalized parameters in Eq. (7-2) for different MGs. 
Alloy Tg (K) Tm (K) T0 (K)  (GPa) 
0 
(GPa)
0* 
(GPa) 0
Cu50Zr50 670 134 1204 51 1062 32 112 2.63 1.31 1/25
Cu57Zr43 713 135 1132 135 930 31 136 2.41 1.21 1/26
Au49Ag5.5Pd2.3Cu26.9Si16.3 401 98 644 98 583 26.5 98 1.93 0.97 1/28
Zr57.4Cu17.9Ni13.4Al10.3Nb1 687 1 1092 1 873 31 1 2.09 1.05 1/30
Zr41.2Ti13.8Cu12.5Ni10Be22.5 623 8 993 8 1028 34 1 2.17 1.09 1/31
 
*: 0 is approximated as 0/2. 
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7.2 Viscosity in MG at different temperatures 
It is noted that Eq. (7-2) was based on the constant viscosity beyond which shear-
band readily propagates.  In the present study, the viscosity of a propagating shear-band 
at different temperatures can be conveniently evaluated by using the temporal and spatial 
resolutions of the nanoindentation system.  For example, the displacement-time curve 
recorded from a shear-band propagating at 278 K is shown in Fig. 7.4.  The data 
acquisition rate of the current nanoindenter system is 104 Hz, which is faster than the 
shear band propagation ~1 ms 42.  Thus, the shear-band speed can be directly converted 
from the displacement measurement and is also included in Fig. 7.4.  It is apparent that 
the propagation consists of acceleration and deceleration, and the total elapsed time is 
about 1 ms.  The maximum speed occurs at the inflection point and is estimated to be 
~1640 m/s.  This speed is particularly noted to be similar to that measured previously 
from mm-sized samples 42.  For the brevity of presentation, displacement-time curves 
obtained at other temperatures are not shown here.  However, they all share similar 
features shown in Fig. 7.4, namely, the acceleration and deceleration during a strain burst.  
The average shear speeds are computed to be 713, 850 and 690 m/s at 323, 393, and 453 
K, respectively.  Apparently, there is no obvious trend suggesting the temperature 
dependence of the shear band velocity, at least within the temperature range of the 
present study. 
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Figure 7.4 Depth and shear speed vs. time profile recorded in CuZr at 278 K.  Shear 
propagation exhibits acceleration and deceleration with the maximum speed occurs at the 
inflection point. 
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With the stress for the displacement burst, as well as the shear-band speed, 
viscosity inside the shear-band can be readily calculated using the following equation 42:  
.
  (7-3) 
Assuming the thickness of the shear-band d is about 20 nm nm and the shear angle  
between the loading direction and shear direction is 45º, the viscosity is calculated to be 
within a very narrow range from 1.8×104 to 2.2×104 Pas with the corresponding shear 
strain rates in the band from 5×104 to 7×104 s-1.  These strain rate and viscosity values are 
noted again to be similar to those measured from mm-sized samples 137.  Together with 
the viscosity measurements reported for other alloy systems 42,45, shear-band propagation 
appears to be insensitive to the sample size, applied strain rate and test temperature, 
suggesting that the stored energy density required for propagating a shear-band is 
probably constant.  These results validate the basis of constant viscosity for the stress-
temperature correlation shown in Fig. 7.3. 
 
7.3 Summary 
In this chapter, compression tests were conducted on microscaled pillar samples 
fabricated from a binary Cu50Zr50 metallic glass at the temperature range of 0.40-0.65 Tg, 
where Tg is the glass transition temperature.  The results and discussions can be described 
as follows. 
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(1) The failure mode within the temperature range below glass transition 
temperature was invariably localized shear, as shown in both stress-strain curves and 
SEM micrographs.   
(2) The measured viscosity in the propagating shear-band was in the range of 
1.8×104 to 2.2×104 Pas, which falls within the same range that is usually obtained when 
a metallic glass is deformed homogeneously above the glass transition temperature (or in 
the supercooled liquid region).  The viscosity in the propagating shear-band showed 
negligible sensitivity to test temperature. 
(3) The yield strength of the glass was a function of test temperature and the 
strength-temperature relationship could be well correlated through the stress-induced 
glass transition concept recently proposed by Guan et al. 51.  The athermal stress limit of 
various metallic glasses was found to be associated with the shear resistance of the glass. 
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CHAPTER 8: CONCLUDING REMARKS 
 
As concluding remarks, the objective of this thesis work was to provide a 
scientific understanding of the mechanism of shear-band formation in metallic glasses.  
To achieve this goal, both nanoindentation and micro-compression tests were conducted 
on different glassy alloy systems.  Various factors, including the tip geometry, strain rate, 
temperature and the residual stress, were studied and the results were discussed in light of 
their effects on the shear-banding event and mechanical behavior of metallic glasses.  
Based on experimental results and previous discussions, the following conclusions can be 
drawn. 
(1) In the case of tip geometry, I found the load-displacement curves exhibited 
more pronounced pop-ins under sharper cube-corner tip as compared to that under a 
Berkovich tip.  The pop-in distance was a linear function of indentation depth.  However, 
the hardness drop during each pop-in was a constant for a given tip and material.  The 
pop-in distance, indentation depth, and hardness serration together determined the shear 
resistance, which was found to be only dependent on the material and correlated through 
a simple relation with other elastic properties of metallic glasses.  
(2) In the case of residual stresses, I introduced the residual stresses to a Zr-MG 
through bending.  Both regular and spherical nanoindentation tests were conducted on as-
cast and stressed samples.  The indentation hardness measured by the regular 
nanoindentation was found to be slightly increased with compressive residual stress, but 
largely reduced with tensile residual stress.  3D finite element simulation also showed the 
same trend.  The softening caused by shear-bands induced during bending was compared 
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to that caused by tensile residual stress, and it was found the shear-bands caused much 
less softening.  The different effects from the two kinds of residual stress were well 
described by the free volume model, i.e. the tensile residual stress created more initial 
free volume in the material that lowered the flow stress during nanoindentation.  Further, 
the spherical indentation showed the contact pressure was also affected by the residual 
stress, and the trend was the same with the hardness.  However, in the elastic stress field 
under the indenter, the effective shear stress for the first pop-in or first shear-band 
formation consisted of both Hertzian stress (contact pressure) and the residual stress, and 
was found to be essentially a constant.  The free volume contributed from each stress was 
discussed, and a constant critical free volume for the onset of yielding in MG was 
proposed and estimated to be in the range of 3%-6%. 
(3) With the idea of the first pop-in and the onset of yielding, spherical 
indentation tests were further performed on an Au-MG at different temperatures, but well 
below glass transition temperature.  The critical shear stress for the shear-band formation 
was measured and found to decrease at higher temperatures.  The activation energy for 
STZ motion and the size of STZ were calculated from the stress-temperature relationship.  
The sizes of shear-band nucleus at different temperatures were also estimated, and were 
found to be practically independent on temperature.  The constancy indicated that some 
critical parameter dominated the shear-band formation, e.g. critical free volume. 
(4) To further study the effect of temperature on the shear-band formation, micro-
compression tests were employed on a binary CuZr MG.  The tests were performed at 
different temperatures, well below glass transition temperature.  The failure mode was 
invariably localized shear at all temperatures.  The measured viscosity in the propagating 
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shear-band was in the range when a metallic glass was deformed homogeneously above 
the glass transition temperature (or in the supercooled liquid region).  The viscosity also 
showed weak dependence on the sample size, strain rate and temperature.  The yield 
strength of the glass was a function of test temperature and the strength-temperature 
relationship could be well correlated through the constant viscosity concept.  This also 
indicated that shear-band formation was caused by stress-induced glass transformation, 
and the athermal limit of the strength of MG was the shear resistance.  
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CHAPTER 9: PERSPECTIVES  
 
This thesis presents several original works on the shear-band formation, thermal 
activation and strength of MGs, aiming to uncover the mechanism that dominates the 
inhomogeneous deformation in MGs in order to promote their applications.  The 
experiments provide many insights for the origin of shear-banding.  However, the 
experimental data related to the shear-band nucleation and its mechanism are still limited.  
Based on the current understanding, the following areas are worth of future study. 
(1) Free volume in metallic glasses has been demonstrated to be a very important 
parameter.  The formation of shear-band is highly dependent on the local perturbation of 
free volume.  The quantitative relation between free volume and shear-band formation 
should be continuously explored.  Bei et al. 117 has investigated the onset of yielding in a 
Zr-MG under different spherical indenters, and found the critical shear stress for the first 
shear-band formation was a constant when the tip radius was smaller than 90 m.  As 
demonstrated in this thesis, the critical shear stress is a representative of the initial free 
volume in MG.  On top of this observation, based on the free volume model, the 
statistical study of the first pop-in phenomenon under different indenters is expected to 
yield a distribution of free volume in MG, or the structural inhomogeneity in MG.  In 
addition, the critical indenter radius must be related to the critical dimension of shear-
band formation.  However, how to correlate the critical shear-band dimension with the 
critical tip radius needs some additional work. 
(2) The anelasticity in MGs is another emerging topic.  Anelasticity is correlated 
with the structural relaxation in the material.  In a recent study of the anelastic 
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deformation and structural inhomogeneity in a Zr-MG at ambient temperature 138, 
spherical indentation tests were carried out, and the viscoelastic properties such as 
viscosity and material relaxation time were characterized.  In this thesis, I have discussed 
the effect of residual stress on the structure (free volume) in MGs, and calculated the 
relationship between the residual stress and the free volume.  Therefore, the effect of 
residual stress on the anelasticity in MG is a practical project.  By utilizing the spherical 
indenter and the built-in nanoDMA module in the nanoindenter, the anelastic behavior of 
MG with different residual stresses (initial free volume) can be explored.  With known 
residual stress or the free volume in the material, the correlation between the structure 
and the viscoelastic properties is expected to be established.  This study is anticipated to 
provide insights into the atomic-scale deformation mechanism of plasticity in MGs. 
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